An eight-phase-shift-keying signal is experimentally deaggregated onto two four-pulse amplitude modulation signals using nonlinear processes in optical elements. Quadraturephase-shift-keying signals are similarly de-multiplexed into two binary phase shift keying signals by mapping the data points onto the constellation axes. De-multiplexing performance is evaluated as a function of the optical signal-to-noise ratio of the incoming signals. The effect of phase noise is also studied.
Reconfigurable and flexible optical networks have the potential to improve flexible spectral efficiency control and intelligent resource allocation. Aggregation of lower-capacity channels into a single higher-capacity channel and de-aggregation of a highercapacity channel into many lower-capacity channels enable such flexibility in optical networks. These functions are critical because individual users rarely need the full bandwidth of a high-capacity network [1, 2] . Aggregation and de-aggregation processes combined with the decision made by the control plane in the optical network could potentially be used to send bit streams with different bandwidths to different users. For a high-capacity optical network, aggregation and de-aggregation in the optical domain has important benefits: (i) avoiding inefficient optical-to-electrical conversions; (ii) supporting higher channel capacity; and (iii) achieving linear transformations over a wide dynamic range.
Phase-based data modulation formats, e.g., quadraturephase-shift-keying (QPSK) or multi-level phase-shift-keying (M-PSK), are gaining importance in high-capacity optical networks, which require their aggregation and de-aggregation. Optical aggregation has been demonstrated for higher-order phase-based modulation [3, 4] as has optical de-aggregation of advanced modulation signals such as QPSK signals [5] [6] [7] [8] [9] [10] [11] . Optical QPSK de-aggregation has also been experimentally shown [5] [6] [7] [8] [9] [10] . These approaches have typically required the use of a feedback loop to stabilize phase within the de-aggregator. Moreover, optical de-aggregation of higher-order modulation formats has been simulated [10, 11] but there has been little published on experimental de-aggregation of higher-order phase-shift-keying (PSK signals). Further, optical de-aggregators were investigated to support other functions such as simplified receivers [12, 13] . Thus it would be valuable to experimentally demonstrate optical de-aggregation of QPSK and higher-order PSK into multiple data channels of lower capacity without the need for feedback-based phase stabilization.
We experimentally demonstrate an optical channel deaggregation for QPSK and 8-PSK data signals into lower-order signals by implementing the mapping process onto the constellation axes [14] . The process of mapping onto each of the axes uses a χ 3 nonlinear element to generate a copy and a phase conjugate copy of the signal. In a subsequent χ 2 nonlinear element, the phase conjugate copy of the signal is either added to or subtracted from the signal to achieve the mapping process onto each of the axes. A one-symbol time delay is introduced to maintain coherence and reduce phase noise without a feedback loop [15] , which also transforms the input (and thus output) signal into a differential encoding. Optical signals with 8-PSK or QPSK formats are de-aggregated onto differential signals on lower capacity channels. A 20 Gbaud 8-PSK signal with an error vector magnitude (EVM) of 8.7% is mapped onto inphase (I) and quadrature-phase (Q) components with 4-pulse amplitude modulation (PAM) formats and EVMs of 8.8%. To show bit-rate tunability, QPSK signals with EVMs of 9.5% at baud rates of 30(20) Gbaud are experimentally de-aggregated onto I-and Q-parts as binary phase shift keying (BPSK) signals with EVMs of 11.4%. The system is also studied by changing the input optical signal-to-noise ratio (OSNR) and measuring the output EVM and OSNR. We also induce phase-noise on the input signal and at the output, to demonstrate that the phasenoise is also squeezed on the mapping axes. Figure 1 shows the concept of the optical channel de-aggregator using mapping of the data information onto the constellation axes. The I-component of the result is generated by mapping the constellation points of the phase modulated signals, e.g., QSPK and 8-PSK, onto the I-axis by coherently adding the signal st e jϕ s t with its conjugate, i.e., I st s t e jϕ s e −jϕ s . The Q-component of the signal is generated by mapping the constellation onto Q-axis, i.e., Q st − s t e jϕ s − e −jϕ s [as shown in Figs. 1(a) and 1(b)]. To implement the mapping process optically, the block diagram shown in Fig. 2 is used. First, the input signal st e jϕ s t (QPSK/8-PSK) at ω s and two continuous-wave (CW) pumps with electrical fields of P 1 and P 2 at frequencies of ω p1 and ω p2 are sent through a χ 3 nonlinear element [such as highly nonlinear fiber (HNLF)] to generate copies of the signal in a fourwave-mixing process. A copy with the field of P 1 P 2 st at ω c1 ω p1 ω s − ω p2 and two conjugate copies of the signal with the fields of P 1 P 2 s t and P 2 2 s t at ω c2 ω p1 ω p2 −ω s and ω c3 2ω p2 − ω s , respectively, are generated. Then, using a programmable delay and a phase and amplitude filter, the signals and copies are filtered and required delays and complex coefficients are induced. As shown in Fig. 2 , one symbol-time (T ) delay is introduced between the signal and its conjugate. The delay is used to maintain coherence and remove noise in the signal and its conjugate, which enables de-aggregation without a feedback loop [15] at the cost of generating differentially-encoded outputs.
In the final stage, in a χ 2 nonlinear element such as a periodically-poled-lithium-niobate (PPLN) waveguide, the differential of the input signal is coherently combined with its differential conjugate to implement the mapping process. Stated differently, using a PPLN waveguide with a quasi-phase matching (QPM) frequency of ω QPM , which is tuned to be at the center of the signals and delayed signals, i.e., ω s ω c2 ω c1 ω c3 2 × ω QPM , the conjugate copy of P 1 P 2 s t at ω c2 mixes with the signal st − T at ω s through a sumfrequency-generation process to create a signal at 2 × ω QPM with a field proportional to P 1 P 2 s tst − T . In the same process the copy of the signal P 1 P 
(1), inside the programmable filter the coefficient α can be changed to map the signal onto different axes. To generate I/Q output for the I-component, we use α 1 ∡ 0 and for the Q-part we use α 1 ∡ 180 −1 (shown in Fig. 2 ). Another pump laser at ω p3 is also injected into the PPLN waveguide to convert the generated signal at 2ω QPM back to the C-band frequency ω out 2ω QPM − ω p3 through a difference-frequency-generation process. The output of the system is then sent to a coherent receiver to be analyzed. Using this method the differentiated version of the signal has thus been added to its conjugate, i.e., e e jϕt−ϕt−T αe −jϕt−ϕt−T to implement the optical de-aggregation of optical QPSK/8-PSK signals using mapping onto constellation axes. This approach is also tunable for different data baud rates because the induced one-symbol time delay can be adjusted as needed. Figure 3(a) shows the experimental setup for the tunable optical-channel de-aggregator. At the transmitter a signal at λ s 1548 nm is modulated in a nested Mach-Zehnder modulator with 30 (20) Gbaud QPSK data (pseudo random bit sequence [PRBS] 2 31 − 1). A phase modulator driven in V π ∕8 with a 10 Gb/s data (PRBS 2 31 − 1) is followed by the QPSK data transmitter to generate a 10 Gbaud 8-PSK signal. A variable optical attenuator followed by a preamplifier changes the OSNR of the input signal for different experimental configurations. Phase noise is injected using a phase modulator driven by random noise generated by a photodiode in order to study its impact on de-aggregator performance.
The generated QPSK/8-PSK signal is then sent to the optical channel de-aggregator. Two pumps at λ p1 1547 nm and λ p2 1554 nm, after being amplified are sent to the first nonlinear stage into a HNLF (450 m) to generate copies [shown as (A) in Fig. 3(a) ]. The optical spectrum of the output of HNLF is shown in Fig. 3(b) . As measured from the spectrum, new generated signals have power levels around 13 dB less than the input signal, showing the conversion efficiency of the first stage. Using a spatial light-modulator filter as a programmable delay, phase, and amplitude filter, the signal and its copies are filtered and the desired delays are induced. The corresponding signals, together with another CW pump at λ p3 1558 nm, are sent through the second nonlinear stage in a ∼4-cm long PPLN waveguide to implement deaggregation, whose spectrum is shown in Fig. 3(b) as (B) . The conversion efficiency of −14 × dB is achieved for this stage. The QPM wavelength of the PPLN waveguide is temperature tuned to 1550.5 nm as the middle frequency between the signals and delayed ones. The output signal, shown in the figure, is then filtered and sent to the coherent receiver to be analyzed. Figures 4(a)-4(c) show the constellations of the input QPSK and 8-PSK signals and the corresponding de-multiplexed (deaggregated) signals. A 30 Gbaud QPSK signal with an EVM of 9.9% as an input to the system is de-aggregated into in-phase and quadrature-phase axes as BPSK signals with EVMs of ∼11.5%. Tunability over the baud rate is also shown by changing the baud rate of the QPSK signal to 20 Gb. The result is shown in Fig. 4(b) . The setup is reconfigurable to the other phase modulated signals, as shown by de-aggregating a 20 Gbaud 8-PSK signal with an 8.7% signal into in-phase 4-PAM with an 8.9% EVM and quadrature-component 4-PAM signal with an 8.8% EVM. We study the de-aggregation setup by changing the OSNR of the incoming signal and measuring the de-aggregated signal quality. Figure 5 shows the quality of the demultiplexed BPSK/4-PAM signals for the input QPSK/8-PSK signals at 30(20) Gbuad rates with different OSNR values. As shown in Fig. 5(a) , input and output OSNR relate linearly in the dB scale in the lower OSNR region. By increasing the input OSNR, the output OSNR increases, and at high-input OSNR, saturation in the OSNR of de-aggregated signal is observed. We believe this behavior is due to the limited input power that can be inserted into the PPLN waveguide, which is 100 mW. This limitation, along with the PPLN conversion efficiency, constrains the signal-power level at the output and its OSNR. Additionally, the noise of high-power EDFAs has a potential impact on system performance by limiting the maximum possible OSNR at the output. Figure 5(b) shows the EVM of the output differential BPSK signals versus the input QPSK signal OSNR We also investigate the system performance by varying the phase noise values of the input signal. Figure 6(a) shows the constellation of the incoming QPSK signals with different values of phase noise and corresponding de-multiplexed I-and Q-BPSK signals. As shown, the phase noise of the signal is mapped and squeezed on the constellation axes. For different values of phase-noise, the output BPSK total phase values are measured and shown in Fig. 6(b) . Thus, the de-aggregation setup based on the mapping onto constellation axes converts the optical input phase noise to the amplitude noise. It should be noted that the mapping process converts the phase noise with amplitudes up to 70 deg to the 20 deg phase noise on the axes. Furthermore, in order to reduce the amplitude noise, an amplitude saturation stage could potentially be used at the output [15] . Moreover, we used narrow linewidth (10 kHz) lasers for the pumps in the setup because the phase noise due to the linewidth of the lasers would be added to the output and could set a limitation on the system performance [15, 16] . Finally, we measure the bit error rate (BER) for the input and de-aggregated differential output signals using the EVM measurements as shown in Fig. 7 . At BER of 1e-3, ∼3 dB OSNR difference between OSNR of the input QPSK signals and output BPSK signals is measured.
In conclusion, optical channel de-aggregation of M − array PSK signals for M 4; 8 is implemented by mapping onto the constellation axes. Inducing a one symbol time delay achieves the required coherence of the mapping function and reduces output phase noise without feedback-based phase stabilization at the expense of converting the output into a differential encoding. System performance is investigated by studying the output signal quality for different input OSNR values and BER measurements. The squeezing of the mapping process onto the constellation is shown by varying the phase noise of the incoming signal and measuring the output phase noise. 
